Abstract. Multiple chromosomal imbalances have been identified in breast cancer using comparative genomic hybridization (CGH). Their association with the primary tumors' potential for building distant metastases is unknown. In this study we have investigated 39 invasive breast carcinomas with a mean follow-up period of 99 months (max. 193 months) by CGH to determine the prognostic value of chromosomal gains and losses.
Introduction
Breast cancer is the most prevalent cancer among women in industrialized countries. Classification and prognostication are traditionally based on histopathological parameters such as tumor grade, size, and lymph node status. The most important selection criteria for adjuvant therapy are the presence or absence of tumor metastases in the axillary lymph nodes at the time of operation [17] , steroid receptor status, and, more recently, HER2/neu overexpression [15, 35] . In addition to these features, quantitative cytometric measurements including the rate of proliferation, DNA histogram type, and morphometric parameters such as anisokaryosis have been shown to provide additional prognostic criteria [1] [2] [3] 14, 24] . However, despite these developments, 20 to 30 percent of patients within the group of node-negative tumors, still die of disease, whereas a proportion of node-positive tumors do not proceed to distant disease [17] . Therefore, there is a growing need for more accurate prognostic factors that allow an individual therapy adaption.
The comparative genomic hybridization (CGH) technique has been shown to be a very powerful tool for the screening of DNA copy number changes in tumor cells. A wide variety of chromosomal imbalances have been detected by CGH in invasive breast carcinomas [6, 18, 23, 28, 36] . Here an amplification on chromosomal region 20q has emerged as one of the most common genetic aberration [6, 20, 25, 31] . In node-negative breast carcinomas DNA aneuploid tumors were shown to harbour more gains than diploid ones [17] . The authors concluded that these gains (in particular 8q, 11q13, 17q and 20q) might be late, progression-related events, and may be associated with a more aggressive clinical behaviour. A significantly higher number of chromosomal aberrations in DNA aneuploid versus diploid mammary carcinomas and fibroadenomas was also found by Ried et al. [28] . Isola et al. [18] suggested a prognostic value for DNA gains on chromosomal regions 20q and 8q in exclusively node-negative tumors that were 2 to 4 cm in size.
In the study presented here we have investigated a small cohort of patients with invasive breast carcinomas (15 node-negative, 24 node-positive), selected on the basis of a long-term follow-up period (mean 99, range 14 to193 months) as well as available image cytometrical data. The chromosomal imbalances identified by CGH were investigated for their correlation with other well-established clinicopathological and image cytometrical factors. Univariate and multivariate correlations with metastasis-free survival of patients was performed to investigate the prognostic value of chromosomal imbalances.
Material and method

Patients data and samples
Investigations were performed on 39 invasive breast carcinomas, sampled at the Karolinska Hospital/ Sweden from 1983 to 1987. Tumors were classified into ductal invasive (NOS, n = 34), lobular (n = 1), papillary (n = 1), medullary (n = 2), and tubular (n = 1) carcinomas [38] . Histological grading was performed according to Bloom and Richardson [10] , modified by Elston and Ellis [13] . Immunohistochemical determined steroid receptor expression revealed receptor positivity for estrogen in 28 tumors, for progesterone in 21 tumors (Table 1) . The patients were treated by radical mastectomy, modified radical mastectomy, or quadrantectomy. All patients investigated here participated in a therapy trial without adjuvant systemic therapy [29] . Only patients with lymph node metastases received subsequent irradiation, including the chest wall and the regional lymph nodes. All tumors were resected without residual tumor and without distant metastases at the time of operation (R 0 / M 0 category according to UICC) [34] .
The mean age at the time of operation was 62 years (SD ± 13.6). Patients aged 55 or younger were considered to be pre-menopausal (n = 14), and patients older than 55 as post-menopausal (n = 25). The mean follow-up was 99 months (±56, max. 193 months). Within the whole period of follow-up distant metastases occurred in 17 patients (= 44%).
From all tumors image cytometric data were available, which have already been proven in former studies to be of prognostic value as for example DNA histogram parameters [3, 14] and variation in nuclei size (anisokaryosis) [2, 3] . Eleven tumors showed a diploid DNA distribution, 28 were non-diploid. Cell proliferation was indicated by determining the number of cells exceeding 2.5c (2.cER) and 5c (5cER), respectively.
Histopathological data of patients, immunohistochemical and image cytometric parameters, as well as, follow-up data are summarized in Table 1 .
Tissue microdissection
Ten to 20 five µm thick sections were cut from formalin-fixed, paraffin-embedded tissue blocks. The first and the last section was stained with H&E and used for histological classification. The other sections were used for tissue microdissection in order to isolate invasive tumor cells. Further sections were used for immunohistochemical staining.
Comparative genomic hybridization (CGH)
DNA was isolated from Proteinase digested (100 mM Tris/HCl, 10 mg/ml proteinase K) microdissected tissue according to standard protocols and labelled with biotin-16-dUTP (Boehringer Mannheim, Germany) using nick translation. CGH was performed according to published protocols [6, 39] . Briefly, 200 ng of tumor DNA and 200 ng SpectrumRed-labelled normal female reference DNA (Vysis, Downers Grove, Image acquisition and processing was performed as described previously [6, 39] , using a digital image analysis system (MetaSystems, Altlusheim, Germany). Green to red (tumor to normal) fluorescence ratio profiles were calculated for each chromosome to determine copy number changes in the tumors [6, 20, 21, 39] . Profiles were compared either using fixed red/green ratio thresholds (0.8 and 1.25), or with calculated confidence limits that have been determined by the analysis software using t-statistics and a specified error probability (±3 times SD). If the measured ratio was outside of the intervals in both procedures, a gain or loss in the tumor DNA was assumed. Non-tumorous tissues were microdissected from the paraffin sections and processed identically to verify the reliability of our CGH protocol. All non-tumorous tissue samples resulted in CGH profiles with ratios within the described conditions.
Statistical analysis
Statistical analyses were performed using SAS software (SAS Inst., Cary, NC, USA). Fisher's exact test was used to identify differences in frequencies of chromosomal aberrations between metastasizing and non-metastasising tumors, between node-negative and node-positive patients, and between patients grouped according to their DNA-histogram, morphometrical and immunohistochemical parameters. Significance was determined by the Fisher's exact test.
Kaplan-Meier survival curves were calculated to determine a potential correlation of individual variables with metastasis-free survival of patients. For this purpose continuous variables (anisokaryosis, exceeding rates) were grouped according to quantification models. The significance of overall differences between survival curves was determined with the log-rank test.
Multivariate analyses were performed with the Cox proportional hazards model. Due to the low overall frequency of metastasis events (n = 17), no more than two variables were included into the model. Thus, each univariate significant parameter was fitted together with nodal status in a bivariate model. Significance of parameters was derived using the Wald χ 2 -test.
In all statistical analyses significance was assumed for p 0.05. The occurrence of distant metastasis was considered as the prognostic criteria.
Results
Chromosomal alterations and their association with other variables
A summary of CGH results is given in Fig. 1 . The mean number of chromosomal alterations per tumor was 6.5 ± 0.7 (range 2 to 18). The most frequent chromosomal imbalances, present in more than 33% of the cases, were gains on 11q13, 12q24, 16, 17, 20q, and losses on 2q and 13q.
Comparison of chromosomal imbalances in patients with or without occurrence of distant metastases during the follow-up period identified significantly different frequencies for gains on chromosome 11q13 and 12q24 (p = 0.01 and 0.006, respectively), and for loss on 12q (p = 0.02). All of these alterations were more frequent in patients without distant metastasis. From the 22 metastasis-free cases, gain on 11q13 was identified in 12 tumors, gain on 12q24 in 13 tumors, and loss on 12q in 6 tumors.
No significant differences in the frequency of chromosomal aberrations were found between node positive and negative tumors, between grade 1/2 and grade 3 tumors, or between tumors sized pT1 and pT2 (p > 0.05). Furthermore, tumors grouped according to proliferation using the 2.5c or 5c exceeding rate, or according to their anisokaryosis value, did not show differences in chromosomal alterations. Gain on chromosome 17, however, was detected more frequently in non-diploid (16/28) than in diploid tumors (2/11) (p = 0.04).
Univariate prognostic value of parameters
Four chromosomal imbalances showed a significant univariate prognostic value for the metastasis-free survival of patients (p 0.05): gains on chromosome 11q13, 12q24, 17, and 18p (Table 2) . No univariate prognostic significance was found for the gain on chromosome 20q. Kaplan-Meier survival curves for the most important chromosomal alterations are plotted in Fig. 2 .
Patients grouped according to the proliferation parameter (2.5c or 5c exceeding rates) did not show different clinical courses. However, 10/11 patients with diploid tumor-DNA distribution remained free of distant metastases, whereas those with non-diploid tumors showed a metastases-free survival rate of only 43% (p = 0.01). Significant differences in the metastases-free survival were also found for patients with low (<3.8 pixels) and high ( 4.0) anisokaryosis values (p = 0.003) ( Table 2 , Fig. 2 ). Using Kaplan-Meier analysis no significant influence of histological type, tumor size and grading, steroid hormone receptor status, cyclin D1, or menopausal status on the clinical outcome was found. Among the histopathological parameters, the nodal status, as expected was the only one showing strong prognostic value for a metastasis-free survival of patients (p = 0.001) ( Table 2 , Fig. 2 ).
Independent prognostic value of parameters
Each of the parameters showing significance in univariate analyses was fitted together with the nodal status in a bivariate model using Cox proportional hazards analyses. In Table 3 the results are listed with significance values of the pairwise tested parameters. Independent prognostic value was identified for anisokaryosis, DNA-ploidy, and the DNA gains on 11q13, 12q24, 17 and 18p. Gain on 20q, which was not significant in an univariate analysis, was also investigated and showed a weak predictive value in combination with the lymph node status (p = 0.03).
To prove a possible interaction between single imbalances, or their inter-dependence chi 2 -test was performed. A positive correlation was found between gains on 11q13 and 12q24 (p = 0.004), both alterations showed an inverse correlation with gain on 18p (p = 0.04 and p = 0.03, respectively). No correlation was found between 11q13 and 12q24, and gains on chromosomes 17 or 20q.
Discussion
In breast carcinomas many other parameters besides the histopathological parameters have been included in prognostic studies. These include amplification of oncogenes such as HER2/neu, MYC, or cyclin D1, and mutation of several tumor suppressor genes such as p53 (for a review see [9] ). Additional prognostic parameters include those derived from image cytometrical measurements such as DNA histogram type [4, 8, 14] ,
(g) (h) Fig. 2 . Kaplan-Meier curves for a metastases-free survival of patients stratified according to the number of positive lymph nodes, DNA ploidy, anisokaryosis, and the chromosomal alterations on 11q13, 12q24, 17, 18p, and 20q. Gain on 20q, which was not significant in univariate analysis, is demonstrated because of it's suggested prognostic value in other studies [10] . S-phase fraction of tumor cells [24] , and morphometric parameters [2, 3] . There is, however, an urgent need for more accurate prognostic indicators for use in therapy selection according to the individual risk of patients of developing metastatic disease. The comparative genomic hybridization (CGH) technique has been shown to be a powerful method for screening tumour tissues for evidence of chromosomal gains and losses. In breast cancer several studies have identified chromosomal imbalances, with the most frequent gains affecting chromosomes 1q, 6p, 8q, 11q13, 17, and 20q. Losses, which are less frequent have been found on 6q, 12q24, and 13q [6, 18, 20, 23, 27, 28, 33, 36] . In general the pattern of gains and losses identified in these studies is in agreement with our current findings.
Few authors have investigated the association between chromosomal alterations and clinico-pathological, immunohistochemical or image cytometrical data and clinical outcome [17, 18] . Hermsen et al. [17] used frozen tissue from lymph node-negative breast carcinomas and compared CGH results with pathological data and cytometrical measurements. They could show that aneuploid tumors harboured more gains and losses than diploid ones. CGH results from fresh-frozen tissue samples have also been reported by Isola et al. [18] and Jain et al. [19] . Recently Jain et al. have described a statistical method to identify correlations between large-scale multivariate measurements and clinical outcome. The authors used this method to identify loci (8q24+ and 9q13+) correlating with poor survival. In the study of Isola et al. selectively advanced (pT2) node negative cases were investigated with a median follow-up of 5 years. The most frequently identified aberrations here are largely in agreement with our findings. They found losses to be significantly higher in cases with early recurrence, but none of the losses could be associated with clinical outcome. A significant association with recurrence, however, was established for high level amplification on chromosome 8q, which harbours the MYC oncogene. The latter feature was only rarely seen in our cases.
A striking prognostic correlation was found by Isola et al. [18] for amplification on 20q, which they identified in 7 cases, 6 of which had early recurrence in less than 32 months. In our study 20q+ was identified in 27/39 patients, but univariate correlation with metastases-free survival was not significant. Also when performing separate analyses for node-negative and positive cases (data not shown here) no significance could be identified for a correlation between 20q+ and outcome. In bivariate analysis combined with nodal status the 20q+ alteration shows significance, however with a p-value below that of the other aberrations (see Table 3 ).
Increased copy number at 20q13 has emerged as one of the most common genetic aberrations in invasive breast carcinomas [6, 18, 20, 31] . Three independently amplified regions on 20q13.2 [31, 32] harbouring several genes including a nonreceptor tyrosinephosphatase gene (PTPN1), as well as AIB3 and AIB4 have been implicated [16, 32] . The amplifications of this region were described as characteristic of advanced breast cancer in each of these studies, though they were not found in in situ lesions investigated by Kuukasjärvi et al. [23] . In our studies this alteration was frequently identified in invasive and in situ breast carcinomas and, furthermore, in ductal hyperplasias adjacent to invasive carcinoma [5, 7, 37] . Consequently, we suggest that gain on 20q may play an important role in tumor development itself, rather than favoring the development of metastasis.
In the present study the prognostic value of chromosomal imbalances was investigated on 39 invasive breast carcinomas. Although the number of cases is low, the prognostic significance of some imbalances was impressive. We noted no difference in the distribution of chromosomal alterations between node positive and negative tumors. However, marked differences between diploid and non-diploid tumors (gain on 17) and, most interestingly, between tumors developing distant metastases and those which did not (gains on 11q13, 12q24, loss on 12q). Furthermore, we found a striking univariate correlation with clinical outcome of patients for nodal status, DNA-ploidy, anisokaryosis, and for gains on 11q13, 12q24, 17 and 18p.
Amplification on chromosome 17 is commonly found in invasive breast cancer [5] [6] [7] . The chromosomal region 17q, including the HER2/neu locus, was also identified in invasive carcinomas [6, 23, 27, 33] and in premalignant lesions [5, 7] . Ried et al. [28] observed this alteration more frequently in aneuploid rather than in diploid tumors, which is in accordance with our results here. Furthermore we found a significant univariate and bivariate correlation between gain on 17 and the metastases-free survival of patients.
The chromosomal alterations with the most striking association with clinical outcome were gains on 11q13, 12q24, and 18p. Gain on chromosomal region 11q13 has been reported by others, albeit with variable frequencies [17, 18, 25, 28, 30] . A clustering of several genes within this chromosomal region was described [22] , including the cyclin D1 oncogene (PRAD1/CCND1), the proto-oncogenes EMS1 (human v-src homologue), INT2/FGF3 (fibroblast growth factor3) and GSTP1 (gluthathione S transferase). The cyclin D1 gene has been shown to be amplified in a proportion of breast carcinomas [22, 35] , and controls cellular proliferation by regulating the G1/S cell cycle checkpoint. We show 13/39 cases of invasive breast carcinomas with gain on 11q13. An unexpected inverse, but highly significant, correlation with the clinical outcome of these patients was found. No significant association between gain on 11q13 and cyclin D1 positive immunohistochemistry could be found (data not shown). Thus, either amplification of the cyclin D1 oncogene is present but does not correspond to its expression level, or the identified gain on 11q13 must result in the amplification of genes other than cyclin D1.
An inverse correlation with clinical outcome of patients was also found for gain on chromosomal region 12q24. For this region no candidate genes responsible for the amplification have been described (http://www.ncbi.nlm.gov).
DNA gain on chromosome 18p was inversely correlated with gains on 11q13 and 12q24, but positively correlated with clinical outcome. Only 7 cases showed gain on 18p, however, all developed metastases within the follow-up period. Although this result is highly significant, in view of the small number of cases it should be interpreted cautiously.
An independent prognostic value was identified for chromosomal gains on 11q13, 12q24, 17, and 18p, and, in combination with nodal status, also for gain on 20q. An unexpected inverse correlation of two chromosomal alterations with clinical outcome was found. On the basis of the currently available data this cannot be explained. However, assuming, that more than one genetic alteration may be involved in the metastatic processes interactions between amplified genes in several chromosomal regions is imaginable. In a previous study of genetic alterations in breast carcinomas, amplifications of several genes were associated with clinical outcome [12] . The strong association identified for gains on 11q13 and 12q24 (positive correlation), as well as the inverse correlation of both with alterations on 18p but not with alterations on 17 and 20q we observed here, may also be caused by such genetic interactions.
For the first time chromosomal alterations in formalin-fixed, paraffin-embedded breast carcinoma tissues were correlated with image cytometrical and immunohistochemical parameters as well as with distant metastasis events during a long follow-up period. Although the number of patients is small the results clearly demonstrate a striking prognostic significance of chromosomal alterations independent of nodal status. The latter, and the interaction and/or dependence of specific chromosomal alterations on each other, must be the basis for further studies.
